formation of lung tissue stimulates prostaglandin synthesis, we wanted to investigate whether hydrodynamic forces would affect lung prostacyclin ( PG12) production. To test the hypothesis that lung prostacyclin synthesis was flow dependent, we examined lung prostacyclin production after flow alterations. Using a salt solution that contained either Ficoll or albumin as a perfusate, we changed the flow to half and to double the control flow. When flow was changed, lung prostacyclin production followed changes in flow and pressure drop. When flow was varied in lungs treated with indomethacin, prostacyclin pro&ction was too low to be measurable. Variations in pressure pulsatility at constant mean flow had no influence on lung prostacyclin production. Since vascular distension may also stimulate prostacyclin production, we increased venous pressure. An increase in venous pressure (from 2.1 to 4.8 mmHg) had no effect on prostacyclin production; a further increase in venous pressure (to 7.5 mmHg) initiated edema and caused a large increase in prostacyclin production. When we subjected monolayers of endothelial cells cultured in wells to defined shear rates, the prostacyclin concentration in the supernatant quickly increased to a maximum. The absence of further increase with greater shear may have reflected feedback control of prostacyclin synthesis. The results indicated that hydrodynamic disturbances affect endothelial cells and stimulate arachidonate metabolism. Lung prostacyclin production may be related to flow. However, this effect is small compared with the lung prostacyclin production during edema formation. venous pressure; prostaglandin; shear stress MECHANICAL DEFORMATION of the lung parenchyma causes an increase in prostaglandin (PG) synthesis (21) . In particular, endothelial cells produce significant amounts of prostacyclin (5, 19, 22, 30) , which may be important for the regulation of both the blood flow and the interactions of circulating cells in the microcirculation (13) .
Mechanical maneuvers that have been shown to cause an increased lung prostacyclin production are hyperinflation (26) and positive-pressure ventilation (15) . Our recent studies indicated that pulmonary vasoconstriction stimulated lung prostaglandin synthesis and that PG12 was the major arachidonate metabolite via the cyclooxygenase pathway produced by the isolated rat lung during vasoconstriction (30) . Whether variables such as flow, vascular distension, and pulsatility are important stimuli for prostacyclin synthesis is presently unclear. Therefore we designed experiments to examine the influence of flow changes, vascular recruitment, venous distension to the point of edema formation (20) , and flow pulsatility on lung prostacyclin production. We utilized the isolated lung perfused with cell-free medium without recirculation to facilitate measurement of prostacyclin production independent of the contribution by formed blood elements (7,12). Also, to determine whether lung endothelial cells themselves could increase prostacyclin concentration in a fluid overlayer, we subjected the cells grown in culture wells to hydrodynamic stress. We thus attempted to evaluate factors affecting prostacyclin production, a potentially important lung homeostatic mechanism.
METHODS
Isolated Perfused Rat Lungs .
Prostacyclinproduction in isolated rat lungs was measured for four different protocols: 1) constant flow (to provide time controls), 2) change in flow, 3) change in flow pulsatility, and 4) change in venous pressure at constant flow (to evaluate the influence of vascular distention). Effluent for determination of prostacyclin production was collected at constant time intervals throughout. In protocol 2 above, thromboxane and PGFZ, were also measured in some of the lungs.
Preparation and measurements. Male Sprague-Dawley rats weighing 240-520 g were anesthetized with pentobarbital sodium (30 mg/kg, ip). The lungs were isolated as described previously ('11, 17) ; they were perfused with a physiological salt solution containing either Ficoll or bovine serum albumin (Sigma Chemical, St. Louis, MO) for osmotic stabilization (6) and having an ionic composition, as previously described (30) . Thus the perfusate contained no cells. The lungs were ventilated with a gas mixture containing 21% 02-5% COZ-74% NZ. The pulmonary arterial and venous pressures were measured continuously with a Statham model P23AA pressure transducer and the airway pressure was measured with a Validyne transducer and recorded with a Gilson recorder, The top of the lung was taken' as the reference level for pressure measurements. For protocols 1,2, and 4, a roller pump was used to perfuse the lungs (29) . The perfusion for protocol 3 is described below. For all protocols following lung perfusion, some lungs had wet lung weight measured. After drying for 3 wk to constant weight, wetto-dry weight ratios were calculated.
Prostacyclin was measured as its stable metabolite, 6-keto-PGF,,, and thromboxane was measured as the stable metabolite TxB2. PGF2,and thromboxane were measured in the same samples as was prostacyclin in three of the variable flow experiments (protocol 2) below. For all of the isolated lung experiments, the results are expressed as production, which was concentration (rig/ml) multiplied by flow (ml/min). The prostaglandins and thromboxane were determined by radioimmunoassay as previously described (16) . Briefly, all radioimmunoassays were done under equilibrium conditions in a phosphatebuffered, pH 7.0, saline solution containing 0.1% gelatin (PBS gel) at 4°C. Unextracted samples were incubated in the presence of tritiated prostaglandin (New England Nuclear, Boston, MA) and PG-specific (27) rabbit antiserum (in PBS-O.01 M ethylenediaminetetraacetic acid) at a final volume of 0.8 ml for 24 h. This was followed by the addition of 200 ~1 of anti-rabbit r-globulin as a precipitating agent, and incubation continued for another 24 h. Following centrifugation, unbound constituents were poured off and the remaining radioactivebound fraction was counted using liquid scintillation techniques. Logit transformation, curve fitting, and averaging were performed by the computer program described by Duddleson et al. (4) .
To validate the radioimmunoassay for prostacyclin, we analyzed, in a blinded fashion, selected samples both by radioimmunoassay and by gas chromatography-mass spectrometry following previously described procedures (28) . Briefly, lung effluent was split into two 5-ml samples, to which 10 ng [3,3,4,4-&I-6-keto-PGF1, as an internal standard was added. After acidification with 0.04 ml 88% formic acid, the samples were extracted with 15 ml ethyl acetate. After centrifugation, a single backwash with 5 ml 1% formic acid, and drying over Na2S04, the organic layer was treated with diazomethane for 5 min and carefully taken to -dryness. The. 0-methoxime, tris(trismethyl)silyl derivative was made using standard procedures. Calibration curves were prepared using 10 ng deuterium-labeled internal standard with 2.5-15 ng 6-keto-PGF,,.
Analyses were carried out on a 30-m fused silica SE-30 capillary column (0.25-pm film) interfaced to a VG Micromass 16 mass spectrometer operated in the selected ion mode under 70.eV electron impact conditions. Ions at m/z 598 and 602 were monitored for the native and stable isotope-labeled species, respectively.
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The concentrations of 6-keto-PGF,, in lung effluent as determined by radioimmunoassay and by gas chromatography-mass spectrometry were in excellent agreement (Table 1) . Thus the concentration of 6-keto-PGF1, was considered to be reliably determined by radioimmunoassay.
Procedure. Initially all lungs were perfused for 30 min in a recirculating system at the base-line flow of 0.03 ml/ g body wt/min (Table 2) . We then switched to a nonrecirculating system using an inflow reservoir. In five lungs (protocol I), flow and venous pressure were kept constant at their base-line levels throughout the experiment. In 10 lungs (protocol 2), (6 had Ficoll and 4 had albumin added to the physiological salt solution), we changed the flow while keeping venous pressure at base-line level. During the first period, flow and venous pressure were at their base-line levels. In the second, third, and fourth periods, the flow was decreased to half base-line value, increased to twice base-line value, and returned to baseline value, respectively. In three lungs, the experiments in which flow was changed were done in the presence of indomethacin.
These three rats were given 5 mg/kg indomethacin ip 30 min before being killed to avoid activation of the cyclooxygenase pathway as a* result of handling of the lung. Indomethacin was also added from the start to the perfusate to achieve a concentration of 0.5 pg/ml. Because the roller pump used for lung perfusion generated a pulsatile flow, we wished to examine variations in flow pulsatility (protocol 3) in five lungs as illustrated by Fig. 5 in results. Constant flow without pulsatility was achieved by using a Harvard constant infusion piston pump. Then pulsatility at 400 cycles/min (to stimulate rat heart rate) was induced by generation of a pressure sine wave in a windkessel chamber in the arterial line and superimposed on the constant-flow infusion. The remaining experiments were performed with the roller pump as above.
In seven lungs, (protocol 4) we increased venous pressure while maintaining flow at base-line level. During the first period, flow and venous pressure (2.1 mmHg)
were at their base-line levels. In the second and third periods, venous pressure was raised to 4.8 and 7.5 mmHg, respectively. Collection times were as above. Three of the lungs developed frank pulmonary edema after the pressure was raised to 7.5 mmHg, and these three are treated separately in the results.
Measurement of Prostacyclin Production by Cultured Endothelial Cells
Shear stress apparatus. A shear stress apparatus was designed and constructed to allow the application of shear stress to the surface of sessile endothelial cells (Fig.   1 ). While the present work was in progress, excellent description of another apparatus for applying shear stress to cells were published (2, 3). In our apparatus, a uniform shear stress (created by rotating cones in the culture medium) was applied to monolayer endothelial cell cultures grown in standard six-well culture plates. The apparatus accommodated two culture plates and therefore incorporated 12 cones, one for each of 12 wells.
Of the 12 wells, 3 were controls; and the cones in these wells were not rotated. The remaining nine cones comprised three rows of three cones each. The cones in these three rows were coupled through a gear train (Fig. 1) so that all nine cones rotated simultaneously. The three cones in each row rotated at the same speed; but the relative speeds of the three rows were in a ratio of 1:3:9.
The array of rotating cones was driven by an alternating current induction motor, which, through a variable speed drive and gearing mechanism, allowed selection of a wide variety (O-10 dyn/cm2) of shear stress (values calculated for fluids having the viscosity of water at 37°C). Cones with 168" included angle (6" between a cone element and the tissue culture surface) were chosen to provide an adequate sample volume of culture medium (1.0-1.5 ml per well). Analysis of secondary flow was not done but is probably small, particularly for shear stress values <l (2). Shear stress (in dyn/cm2) could be calculated by the equation 7 = q/Q/cy, where 7 is viscosity (0.007 dyn~*crn-~) at 37°C Q = angular velocity in radians/s, and a! is the angle in radians between the cone and the endothelial surface.
Since uniformity of the shear stress in a "cone and locating cone in culture well; G, spring-loaded thrust pad; H, jacking screw; and J, toothed belt for operating jacking screws. drive gear train; E, input shaft from speed selector; F, thrust pad for plate" apparatus depends on precise vertical juxtaposition of the plate surface and the cone apex, the cones in the apparatus were positioned axially in each well with its surface intersecting the geometric apex of the cone (Fig. 1) . Contact of the cone thrust pad was maintained by light spring preloading of another thrust pad acting Oil the upper end of the cone shaft (Fig. 1) to compensate for well-to-well depth variations in the culture plates. The area of thrust pad in contact with the culture well was maintained cell free by coating this area with poly-2-hydroxyethyl-methacrylate (Aldrich) before the cell culture was grown. Align .ment bores in the bottom plate of the appa .ratus center the cones in the culture wells. To minimize agitation of the culture medium when the cones were lowered or raised in the tissue culture wells, the entire shear stress apparatus was raised and lowered by four jacking screws.
Endothelial Cells, Culture Conditions, and Shear Rates Bovine pulmonary arterial endothelial cells were harvested from tissue (heart and lungs removed en bloc) obtained fresh from the abattoir. The method used was adapted from Ryan et al. (25) to permit harvesting in the absence of protease treatment. The pulm ,onary arteries were opened and pl *aced in cold Hanks' balanced salt solution. The luminal surface of an artery was gently scraped with a sterile scalpel using a single stroke for a given area. After each stroke, the accumulated cells were shaken into wells containing modified Eagle's medium supplemented with 10% fetal calf serum, 10% bovineconditioned media, and a solution containing 100 pg/ml penicillin and 100 pg/ml streptomycin.
After 3 days, many of the cells adhered to the bottom of the well and fresh media was added. When the cell monolayer was confluent, the cells from one well were gently scraped and passaged to two other wells containing medium 199 (M199, Gibco). The cell monolayers demonstrated the typical cobblestone appearance and contact inhibition characteristic of endothelial cells. In early passage cultures, small foci of smooth muscle or fibroblast growth could be seen and were removed mechanically.
Immunofluorescent staining for factor VIII antigen (Jaffe A7) with fluorescein-conjugated goat antihuman factor VIII antibody (Atlantic Antibodies, Scarborough, ME) was additionally used to identify cultured cells as endothelium. Cells were used between passages five and eight. The final passage was into 35mm-diameter wells that had been prepared by placing 5 ~1 of a 50% solution of poly-2hydroxyethyl methacrylate (Aldrich), such that there was an area of 8 mm in diameter in the center of the well, to which cells would not adhere. After the final passage and before shear, the monolayers were examined for confluence and washed twice with 37°C Hanks' balanced salt solution. Only fully confluent, fully contactinhibited, homogenous monolayers were used containing -lo6 cells per well. Then 1.0-1.5 ml of Hanks' solution was added to each well. There were -lo6 cells per well. The cones of the shear stress apparatus were lowered on the endothelial cell wells, and the monolayers were sheared for l-4 min. Because duration of shear for these times did not relate to prostacyclin production, the data were combined. The calculated shear rates in dynes/cm2 were 0, 0.13, 0.39, 1.19, and 3.5. Four separate experiments were done yielding 12 wells not subjected to shear stress and 36 wells having shear stress applied. To end the shear stress, the cone rotations were stopped abruptly. Then 0.2 ml of the culture medium per well was sampled and immediately frozen for prostacyclin measurements as described. Examination of the cells by eye and light microscopy showed a cobblestone appearance with no visible detachment or cell disruption.
Data presentation. Data are presented as mean values t SE. Differences between two populations or changes with time within a population were considered significant when P c 0.05. The data were analyzed using analysis of variance and the Student-Newman-Keuls test.
RESULTS

Lung Prostacyclin Production with Constant Pulsatile Flow
In the isolated rat lung when flow was kept constant at base-line level (0.03 ml/g body wt/min) (protocol I), our measurements of prostacyclin production showed a decrease within the first 20 min and then a stable baseline production (Fig. 2) . The wet-to-dry weight ratios (n = 4) at the end of the experiments averaged 5.4 t 0.4.
Lung Prostaglandin Production with Change in Flow
In the first period at base-line flow (protocol 2), prostacyclin production was comparable to that observed in the control lungs. When flow was reduced to half the base-line value, prostacyclin production fell (Fig. 2) . When flow was increased to twice the base-line value, prostacyclin production increased. When flow was returned to its base-line value, prostacyclin production fell. The mean wet-to-dry weight ratio in three lungs perfused with Ficoll-containing solution was 5.5, which was not different from those in control lungs. In the four lungs where albumin was used, the mean wet-to-dry weight ratio was 4.9 t 1. The presence of albumin in the perfusate was associated with higher effluent 6-keto-PGFi, levels than with Ficoll perfusate, but as with Ficoll the increase in flow from 0.5 to 2 times base line caused an increased 6-keto-PGF,, production (Fig. 2) . In the three lungs treated with indomethacin, the prostacyclin production throughout the experiment was too low to be measurable. Except when the lungs were treated with indomethacin, prostacyclin production was related to the pressure drop (pulmonary arterial minus pulmonary venous pressure) across the pulmonary vascular bed at the various flows (Fig. 3) . Production of thromboxane (n = 3) and PGF2, (n = 3) was not related to flow rate or pressure drop.
Lung Prostacyclin Production with Change in Flow Pulsatility
The two lungs perfused with nonpulsatile flow showed a gradual fall in prostacyclin production during the first 12 min and then a stable production (Fig. 4, top) (protocol 3). One lung in which flow was initially nonpulsatile and VAN GRONDELLE ET AL. Relationship between pressure drop across pulmonary vascular bed and lung prostacyclin production in second, third, and fourth time periods when flow was changed. For a given time period, prostacyclin production was taken to be average of values at 6 and 11 min. Measurements from each of 6 rat lungs are connected (fiued circles). Prostacyclin production (3 rat lungs) in presence of indomethacin was unmeasurably low regardless of pressure drop (unfilled circles).
in which pulsatility was subsequently increased in 12-min intervals showed no increase in prostacyclin, (Fig.  4, middle) . In the two lungs in which pulsatility was first increased and then reduced, there was no change in prostacyclin production (Fig. 4, bottom) . Thus in these experiments, pulsatility did not increase prostacyclin production.
Lung Prostacyclin Production with Change in Venous Pressure
When venous pressure was raised from its base-line value of 2.1 to 4.8 mmHg (protocol 4), prostacyclin production did not increase (Fig. 5) . A further increase in venous pressure to 7.5 mmHg increased prostacyclin production in the lungs at the end of the third period. A stepwise increase in venous pressure did not cause a sudden increase in prostacyclin production (Fig. 2) , whereas sudden increases in flow did cause a sudden increase in prostacyclin production (Fig. 2) . With elevation of the venous pressure to 7.5 mmHg, we achieved an arterial pressure approaching that in the high flow condition in the experiments in which flow was changed. The wet-to-dry weight ratio of these lungs was 7.09 t 0.2, which was higher than in the control lungs.
In three experiments in which lung edema developed, two lungs were terminated because of edema 7 min after FIG. 4. Prostacyclin production, measured as 6-keto-PGF1,, in isolated perfused rat lungs during consecutive 12 min periods when pulsatility was altered (protocol 3) at constant mean flow. Top: prostacyclin production in 2 lungs perfused by constant nonpulsatile flow from a motor-driven syringe. Absence of pulsatility (nonpulsatility) is indicated by pressure tracing. I&Me: prostacyclin production in 1 lung perfused with nonpulsatile flow for first 1%min period. Pulsatility at 400 cycles/min is then superimposed on inflow pressure with increasing amplitude of pressure oscillations (kl.5, k3.0, and ~5.0 mmHg) in each of 3 succeeding time periods. Bottom: prostacyclin production in 2 lungs perfused with pulsatile flow, where pressure oscillations at 400 cycles/ min are consecutively varied from an amplitude of kl.5-k5.0 mmHg to k3.0 mmHg. the venous pressure was raised to 7.5 mmHg. The wetto-dry lung weight ratios in the three lungs were all above eight and the prostacyclin production was increased more T \ than lO-fold above the values in the control lungs ( 
6-keto-PGFI,)
in culture medium from endothelial cells not subjected to shear stress was 0.14 t 0.03 rig/ml. Prostacyclin concentration increased when shear stress was applied but was not higher for high shear rates than for low shear rates (Fig. 7) .
DISCUSSION
In the isolated rat lung preparation, we found that variations in perfusate flow altered lung prostacyclin production: an increase in flow increased the pressure drop across the pulmonary circulation and increased prostacyclin production, whereas a decrease in flow decreased it.
It is clear that our values of 6-keto-PGF,, were higher than those reported by other investigators for human venous plasma (9). However, our lungs had been isolated, perfused by a pump with a salt solution, and ventilated using positive end-expiratory pressure, and each of these maneuvers may raise prostacyclin production. The measurements appeared to be accurate and reliable because problems of protein binding inherent in the radioimmunoassay measurement of 6-keto-PGF1, were minimized by eliminating cells and, in most of the experiments, albumin, from the perfusate. Because a physiological salt solution was used as perfusate, unextracted samples could be measured and indeed our radioimmunoassayderived data could be validated by independent gas chromatography-mass spectroscopy. In a nonrecirculating system, any metabolite in the effluent may reflect either lung production or washout of stored prostacyclin. We believe that our measurements reflect production and not washout, because prostaglandins are not stored but are made on demand (21, 23, 24) . Second, in the presence of indomethacin, no prostacyclin appeared in the effluent when we increased flow. Furthermore, other cyclooxygenase metabolites, thromboxane, and PGF2, showed no increase in appearance when flow was increased. Lastly, the increased 6-keto-PGF1, concentration in the culture medium of the endothelial cells after shear could not be explained by washout.
Because the changes in lung prostacyclin production after than ging the perfusate flow were small, it beta .me important to evaluate whether they were likely to be related. Alternatively, vascular recruitment could have caused the rise in 6-keto-PGF1, production. Recruitment ences in technique. The pulmonary arterial endothelium used in our experiments may differ from the aortic endotheliu .m that they used. They also caused the culture medium to flow through a Lucite chamber containing in all likelihood did occur with increased flow since the endothelial cells, whereas in our experiments the pulmonary arterial pressure rose. Raising the venous culture medium was of small volume and was swirled in pressure by -3 mmHg, which would be expected to the culture well. We found that the 6-keto-PGFr, conproduce some suggests that capillary recruitment did not account for venous distension and all of the increased prostacyclin production observed capillary recruitment, did not increase prostacyclin production. This centration in the well i ing flow. However, our experiments were designed to ncreased, whereas they found the effluent concentration show whether or not increased shear would induce an remained constant with increaswith the concept that flow rather than distension (in the prostacyclin production was very with high flow. However, at the highest venous pressure large when absence of edema) increased the prostacyclin production. studied, some edema formation occurred in all lungs and the edema was most severe, we assumed tha Whether this small increase in prostacyclin production, prostacyclin production increased. Because prostacyclin .t prostacycl in producwhich is more pronounced in the protein than in the tion was related to production did not show a stepwise increase with a edema Ficoll system, is important for local vasodilation (14) stepwise increase in venous pressure, and because the formation and not to the venous pressure per requires further studies. (10) found that repetitive ported that pulsations increase prostacyclin production stretchings are necessary to maintain prostacyclin proin the aorta. However, in our lung model, presence, absence, or changes in pulsatility had no discernible effect on prostacyclin production.
